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Morphology based nematode taxonomy and biodiversity studies have historically challenged most 
biologists. In the past few decades, there have been efforts to integrate molecular methods and digital 
3D image-capturing technology in nematode taxonomy, the former to enhance the accuracy of 
identification of such a taxonomically challenging group and the latter to communicate morphological 
data. While the employment of these two methods is growing in recent taxonomic, biodiversity and 
biogeographic studies, a movement to abandon traditional phenotypic identification methods 
altogether has emerged. Proponents try to justify this trend by citing the challenging gap between the 
high estimated number of undescribed species and the limited ability of traditional taxonomy to 
accomplish the task of documenting such diversity. Here we present a review of the various 
techniques used in the taxonomy of free-living and plant parasitic nematodes and critique those 
methods in the context of recent developments and trends including their implications in nematode 
taxonomy, biodiversity and biogeography.  
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INTRODUCTION 
 
Nematodes are diverse metazoans with an estimated 
total number of a million species (Lambshead, 2004). 
They are arguably the most numerous metazoans in soil 
and aquatic sediments. From an environmental point of 
view, nematodes are part of nearly all ecosystems in their 
roles as bacterivores, herbivores, parasites of animals 
and plants, and consumers of dissolved as well as parti-
culate organic matter. They have critical roles in the flow 
of energy and cycling of nutrients. From an anthro-
pocentric point of view, they parasitize humans and 
plants, domestic and wild animals and they can serve as 
indicators of environmental change. With regard to 
health, for example, a large proportion (22%) of the 
human population is parasitized by the intestinal parasite 
Ascaris lumbricoides (Crompton, 1988). Considering their 
impact on crops, McCarter (2009) estimated a global total 
loss of $118 billion for 2001, of which nearly half was 
related to only two crops, rice and maize. This being so, it  
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is remarkable they are among the least studied, with only 
close to 26,000 (< 3% of estimated) species described to 
date (Hugot et al., 2001; Hallan, 2007). Despite recent 
research on the model organism-Caenorhabditis elegans 
-(Wormbook; http://www.wormbook.org/), our knowledge 
of their diversity, basic nematode biology and ecology 
remains meager.  
Here we review the various methods employed in 
species delimitation and identification of nematodes. We 
evaluate the use of those methods in the context of 
current biodiversity studies and the broader application of 
morphology in taxonomy.  
 
 
WHY FOCUS ON TAXONOMY?  
 
Our understanding of the way an ecosystem works not 
only depends on holistic syntheses of all components but 
also on our knowledge of the way its individual compo-
nents function (Kotliar, 2000). Accuracy of identification is, 
therefore, fundamental to our understanding and commu-
nication  of the  ecological  role  of  any  organism.  Hugot  
 
 
 
 
(2002) emphasized the need for correct identification and 
the role of taxonomy as a science. The current need for a 
revamped effort to address the gap between estimated 
and documented nematode species diversity cannot be 
over emphasized (Hugot, 2002). Traditionally, nematology 
has its strength in agricultural applications because of its 
economic implications. As a result, nematode species 
delimitation methods in the context of agricultural and 
health-related applications are more refined at the 
species and below species level than methods employed 
in nematode biodiversity studies. The biodiversity/ 
ecological side of nematode taxonomy, which often deals 
with free-living forms, remains much more wanting in 
research input. Given these differences, here we will 
discuss these two aspects of nematode taxonomy sepa-
rately. We recognize the artificial separation of animal 
parasitic groups from remaining groups of nematodes. 
This being so, for brevity this review considers free-living 
and phytoparasitic groups only.  
 
 
BIODIVERSITY ASSESSMENT AND TAXONOMY 
 
The predicted number of nematode species is poorly 
matched with the number of actively working taxonomists. 
This shortage will not improve as seasoned experts in the 
field retire without replacement (Hugot, 2002). Therefore, 
seen in light of the current general trend of students’ 
academic preference and the level of funding to taxo-
nomy, Godfrey’s (2002) gloomy prediction for descriptive 
taxonomy is a realistic assessment. Our understanding of 
nematode species diversity in the context of species 
functional redundancy is limited. Therefore, the decline in 
taxonomy needs to be rectified. In nematology, however, 
there seems to be a glimmer of hope. Two M.Sc. 
programs - one funded by the Flemish state in Belgium 
and the second by the European Union - are currently 
training (> 15 students per year) nematode taxonomists.  
 
 
Units of biodiversity assessment 
 
“The breadth of the concept of biodiversity reflects the 
interrelatedness of genes, species, and ecosystems” 
(World Resources Institute 2003). Although questioned 
recently, often, species are regarded as the smallest units 
that interact with the environment (Perry, 2010). There-
fore, our understanding of the interaction of nematodes 
with their environment is affected by what we call a 
species. Currently, what species are and how we define 
them is a biological asymptote: despite ongoing discus-
sions on “the species problem” in the literature (Ferris, 
1983; Mayr and Ashlock, 1991; Adams, 1998, 2002; 
Velasko, 2008; Van Regenmortel, 2010), no simple and 
unifying method of defining a species has been 
universally accepted beyond recognition of the theoretical 
difficulties  and   technical  limitations (Adams, 2002; Hey,  
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2006). Currently, there are many species concepts and 
we lack one with both the advantages of practicality and 
theoretical universality. Instead, this search for a panacea 
has led to a distinction between theoretical species con-
cepts and more operational species recognition methods 
(Mayden, 1997; Adams, 2002; Van Regenmortel, 2010). 
In nematology, this distinction helps us acknowledge the 
limitations of many of these concepts as applied to 
nematode taxonomy, paving the way for more refined 
species recognition methods based on a sound theo-
retical concept (De Ley et al., 1999; Hunt, 1997; Nadler, 
2002). The choice of a primary species concept depends 
upon various factors, including applicability. Mayden 
(1997) distinguishes between primary (universal) theo-
retical species concepts and secondary species concepts 
(practical recognition methods). The consequence of 
using such practical methods has been the development 
of group or taxon-specific approaches.   
Biodiversity can be assessed at any taxonomic level, 
and by either molecular or phenotypic characters or a 
combination of both. The question “What biological level 
of organization corresponds to what level of naming?” 
has been difficult for biologists. Whether dealing with 
economically important forms or attempting to assess 
nematode diversity, often our yardstick of higher and 
lower taxon categories is measured using the species 
scale. Consequently, despite the conceptual and practical 
problems, we cannot ignore the question of what species 
really are. Species, however, are testable hypotheses, 
put forward based on current information but which can 
be revisited repeatedly as new data becomes available or 
new approaches of generating data relevant to species 
delimitation are developed (Adams, 2002).   
 
 
Traditional taxonomy and its applicability as species 
delimitation tool 
 
Competent traditional taxonomic work, i.e. based solely 
on morphological evidence, can be as revealing as any 
other modern behavioral, biochemical or molecular 
method as to the identity of a group (Mayr and Ashlock, 
1991; Wang et al., 2008). However, the reasoning 
through which a decision about identity is made in-
herently involves a certain level of subjectivity, for it is the 
experience of the taxonomist that matters most in making 
these decisions. Whether a certain morphologically 
distinguishable group of nematodes represents a species 
is indeed a difficult hypothesis to test. With all its 
limitations, to a large extent morphology is as good as 
any of the other taxonomic tools in delimiting species 
(Mayr and Ashlock 1991; De Ley, 2006; Agatha and 
Strüder-Kypke, 2007). However, its optimal use in micro-
scopic organisms, especially in groups such as nema-
todes where microscopic structural differences are 
critical, requires significantly more technical (microscopic) 
and taxonomic  expertise  than  needed  for  macroscopic  
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groups. Communicating morphology also remains a 
challenge. 
 
 
RECENT TRENDS IN NEMATODE BIODIVERSITY 
STUDIES 
 
Currently we observe a shift from the purely phenotypic to 
using a combination of both phenotypic and molecular 
methods in nematology (Powers et al., 1997; Powers, 
2004). Also, the phylogenetic species concept has gained 
more support recently (Adams, 1998, 2002) and ways to 
extend its theoretical appeal into practicality have been 
evaluated (Nadler, 2002).  
 
 
Why the shift? 
 
Molecular methods have the following advantages: A) 
They are applicable in high throughput systems. Genetic 
information in the form of DNA sequences of a few genes 
can be acquired for many taxa in a few days. Therefore, 
these methods offer development of high throughput sys-
tems which will make nematodes attractive to environ-
mental studies. Furthermore, the progress in micro-array 
technology promises the development of faster analysis 
of bulk environmental samples. Minor technical limitations 
(e.g., in extraction, finding broadly applicable primers 
etc.) remain because of the need to adjust methodology 
to diverse nematode taxa from diverse environments. B) 
Homology of genes is simpler to predict and test than 
homology of morphological characters. In addition, both 
types of data can be used to infer phylogenetic related-
ness and thus create a systematic framework in an 
evolutionary context. However, because of their sheer 
number and simple methods for predicting homology 
(Schwarz, 2005), molecular characters rapidly outnumber 
morphological ones. Inferring phylogeny from DNA 
sequences, similar to morphology, has its own recognized 
methodological limitations that may affect the conclu-
sions. Alignment of sequences using computer algorithms 
may introduce biases, especially when they are subse-
quently modified by eye. Deciding positional homology of 
DNA sequences is a more consistently applicable 
process than similar decisions for morphological 
characters. C) DNA sequences are already digital and 
can be communicated across laboratories without inter-
pretation. D) DNA sequences are inherently genetic and 
therefore overcome many problems of apparent similarity 
from which morphology suffers, especially with micro-
scopic organisms. DNA sequences have unveiled cryptic 
species among individuals considered conspecific based 
on morphology alone (Eyualem and Blaxter, 2003; 
Hoberg et al., 1999; Chilton et al., 1995; Nadler, 2002; 
Fonseca et al., 2008; Derycke et al., 2008; Bhadury et al., 
2008).   
Despite the advantages of molecular data in  collection,  
 
 
 
 
analysis and communication compared to morphology, 
like morphological characters, molecular data can violate 
the assumptions of phylogenetic analysis. For example, 
sequences from different taxa can change at very diffe-
rent rates confounding their use in phylogenetic inference 
(Britten, 1986; Mallatt et al., 2010). Furthermore, the 
selection of loci can be critical: some such as the genes 
of animal mtDNA evolve rapidly and are useful for 
intraspecific analysis (Lazarova et al., 2006). These same 
loci, however, suffer from extreme homoplasy when com-
pared across divergent taxa.  
The inference of relatedness among taxa from their 
DNA sequences is constrained by one major step- 
alignment (i.e. identifying positional homologies in 
sequences). This topic has been discussed at length by 
Lee (2004). Automation of alignment in a hands-off way 
could eliminate biases from the alignment process by 
excluding the current step of fine-tuning by eye, a factor 
which may be a cause for discrepancies between hypo-
thesis that can be generated from the same sequence, 
and its much unwanted aspect - subjectivity. Clustering of 
aligned DNA sequences also suffers from inconsistency, 
a serious drawback to the definition of Molecular 
Operational Taxonomic Units (MOTUs) and interpretation 
of their implications (Blaxter, 2004). 
The question of integrating cryptic taxa delimited by 
molecular methods into current taxonomy remains un-
solved, i.e. those studies that revealed cryptic species 
have not led to formal proposals of named new taxa 
(Eyualem and Blaxter, 2003; Hoberg et al., 1999; Chilton 
et al., 1995; Nadler, 2002; Fonseca et al., 2008; Derycke 
et al., 2008; Bhadury et al., 2008).  There is a general 
inability of various genes/markers to delimit populations 
corresponding to “species” determined by phenotypic 
means.  However, unquestionably each marker will be 
consistent and testable at the level on which the marker 
is employed (taxon category higher or lower than 
species). In other words, phenotypic diversity may not 
always correspond to genetic diversity and vice versa. 
For the moment we should recognize the limitations of 
single markers at hand and make use of varying genetic 
markers that can resolve diversity at various levels in the 
different major nematode groups.   
Digital Multifocal Images (DMI) enhance the communi-
cation of morphology. Like the methodology of recogni-
zing phylogenetic affinity, the way we communicate 
morphological information is also changing rapidly (De 
Ley and Bert, 2002; Eyualem et al., 2004). The 
recognition of the seriousness of this problem led resear-
chers to consider the exploitation of current technologies 
for the documentation and communication of morpho-
logical information not only with unsurpassed complete-
ness but also with speed (De Ley and Bert, 2002). A 
marriage between such data capturing technology and 
the Internet creates unsurpassed accessibility of 
morphological information to scientists globally (Eyualem 
et al., 2006).  Despite  many  current  practical  limitations  
 
 
 
 
that need to be addressed and agreed upon by 
nematologists, the use of video imaging (De Ley and 
Bert, 2002; Eyualem et al., 2004) will augment voucher 
type material collections in museums and foster the 
communication of morphological vouchers. Imaging of 
critical voucher specimens (e.g. types) will be important 
for linking the taxonomy of known nematodes with future 
species discoveries. Ongoing efforts to integrate these 
images in dynamic, online and accessible keys will open 
new possibilities in nematode taxonomy and the 
communication of morphology.  
 
 
Molecular barcoding: Is it a panacea? 
 
The reaction of the scientific community to the proposal 
to use a universal DNA barcode for species identification 
was either idealistic enthusiasm or extreme reservation 
and resistance. The idealistic optimism and passionate 
appeal from ecologists (Janzen, 2004) was not based on 
sound justification of the methodology, instead it was a 
plea for change that resulted from frustration with 
traditional taxonomy, where only a few experts can 
identify specific taxa. Traditional taxonomy is slow to 
document biological diversity, a problem for most 
ecologists. But, to try to change traditional taxonomy and 
stop using century-old morphological information is not 
necessarily the same as replacing it with the ultimate-
species-identification-tool. Janzen (2004) states ‘The 
answer lies in a process that will for the first time connect 
the collective species-level biodiversity knowledge of the 
world to any and all users, on the spot, in real time, now.’ 
However, it is not clear if Janzen’s vision is achievable. 
Will a universal tool work only with DNA? Why not use 
image analysis to arrive at what Janzen wants? 
On the other side of the spectrum, despite its 
demonstrable and tangible advantages, there is anxiety 
among biologists, especially taxonomists, that molecular 
barcoding will replace taxonomy as we know it and will 
reduce the biological complexity of an entire organism to 
a small fraction of the organism – a gene (Lipscomb et 
al., 2003; Will and Rubinoff, 2004). This general disquiet 
masks serious concerns with the scientific merit of 
specific barcoding proposals.  
One such concern is associated with the nature of the 
use of DNA sequences for taxonomic purposes. Lee 
(2004) gave a detailed account of the limitations of using 
of DNA sequences for delimiting species boundaries. Lee 
(2004), however, failed to distinguish between the two 
fundamentally different approaches using DNA sequen-
ces to enhance inventory of biological diversity. The first 
approach aspires to find genes that hopefully will predict 
“species” as delimited by other non-molecular methods 
(Hebert et al., 2003a; Fre´zal and Leblois, 2008), but the 
second does not attempt to employ molecular data in line 
with what are traditionally considered “species” (Blaxter, 
2003, 2004; Blaxter and Floyd, 2003; Floyd et al., 2002).  
This latter approach aspires  to  inventory  biodiversity  at  
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the molecular level in an operational way (MOTUs) and 
clearly states that the inventoried elements of diversity 
will not necessarily reflect what normally are considered 
“species”. Unfortunately, our understandings on the use 
and benefit of DNA sequences depend on which 
approach we are discussing.  
The effort to harmonize DNA sequences with “species”, 
however we define species, has the advantage of being 
biologically meaningful, thus extending its impact to not 
only inventory of biological diversity but also to the more 
practical and pressing issues of conservation. Such 
harmonization will link future, DNA-based works, with 
already accumulated information with regard to “species”. 
However, reservations continue to linger even with the 
hope of harmonizing DNA sequences with “species”: 
Ferguson (2002), for instance, argues that “…genetic 
divergence is too crude a proxy for reproductive isolation 
and thus species boundaries”. Although currently there is 
a diverse array of species concepts, the fact that genetic 
exchange among individuals remains the driving force in 
maintaining a species in the form of reticulate populations 
lends credit to the weight biologists give to reproductive 
isolation. Limited studies demonstrated that a single gene 
may predict “species” boundaries in nematodes (Eyualem 
and Blaxter, 2003), but more recognize the limitations and 
use multiple genes that do the job in many animal groups 
(Fre´zal and Leblois, 2008).  
Another concern, which seems to be the primary 
reason for the opposition to the idea of DNA barcoding, is 
associated with use of a single supposedly universal 
gene-the Cytochrome c Oxidase subunit I gene - as an 
ultimate DNA barcode in all animals (Hebert et al., 
2003b). After extensive efforts for a number of years and 
criticism on theoretical and technical grounds (Blaxter, 
2004; Kipling and Rubino, 2004; Lee, 2004; Moritz and 
Cicero, 2004; Powers, 2004; Bhadury et al., 2006), the 
initial “universal gene” idea gave way to a multi-gene 
approach (Fre´zal and Leblois, 2008).  
Blaxter (2004), favoring the use of nuclear small sub 
unit ribosomal (SSU) and large subunit ribosomal (LSU) 
genes, discussed the relative utility of these DNA seg-
ments for barcoding. A key aspect missing from Blaxter’s 
list of conditions for the selection of a DNA barcode was 
the congruence between the DNA barcode and a 
species-level resolution as defined by other methods of 
delimitation. MOTU, defined by DNA sequences, 
therefore, cannot be equated with “species” or any taxon 
category. While the utility of MOTU in the context of our 
current understanding of global species diversity may be 
limited, certainly it has an important role in evaluating 
genetic diversity within already defined taxa.  
 
 
Does morphology matter? 
 
Some biodiversity studies use molecular methods for taxa 
delimitation with the extreme aim of abandoning morpho-
logical data altogether (Edgcomb et al., 2002; Floyd et al.,  
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2002; López-Garcia et al., 2003). Such studies indis-
putably will contribute immensely to our understanding of 
genetic diversity, but their contribution to our under-
standing of the interaction of organisms with their 
environment will probably fall short of their intended goals 
because they lack morphological information which 
relates to function. Regardless, with the current level of 
information accrued, “DNA sequences alone are not 
sufficient to characterize a species, but their unique 
reproducibility helps to guard against duplicate 
descriptions” (Tautz et al., 2002). Despite its obvious 
advant-ages and the fact that it is possible to predict a 
certain level of gene expression from sequences, our 
current inability to predict ecological functionality of entire 
species from DNA sequences alone invalidates such a 
speedy jump to abandon morphology altogether. In short, 
molecular methods are best supplemental tools, as are 
other methods (Mallet and Willmott, 2003).  
 
 
MOLECULAR METHODS USED FOR IDENTIFICATION 
OF NEMATODES WITH AGRICULTURAL 
IMPLICATIONS 
 
For years, morphological identification was the only 
method widely used to identify nematodes. As our 
knowledge of nematodes of agronomical importance 
increased, it became clear that morphology alone did not 
reveal the complete picture of observed pathological 
differences between populations within morphologically 
delimited species. As a result, researchers have been 
looking for methods that can better predict observed 
pathological behaviors among populations within species. 
To this end, numerous molecular techniques have been 
developed that are capable of identifying and quantifying 
nematodes at the species level and below. Techniques 
such as isoenzyme pattern analysis, restriction fragment 
length polymorphism (RFLP) analysis, random amplified 
polymorphic DNA (RAPD) analysis, polymerase chain 
reaction (PCR), quantitative polymerase chain reaction 
(qPCR), and sequencing of diagnostic rDNA regions have 
all been used successfully to identify and quantify several 
agriculturally important plant-parasitic nematodes. These 
methods have their own advantages and limitations 
(Table 1). In the following sections we will briefly describe 
the different molecular methods used in nematode 
identification. Most of these methods have been widely 
used in the diagnostics of agriculturally important nema-
todes. DNA sequences of marker genes, Denaturing 
Gradient Gel Electrophoresis (DGGE) and the more 
recently developed method of pyrosequencing are the 
three methods employed in biodiversity studies of free-
living forms.  
 
 
Allozymes  
 
Analysis of allozyme  patterns  was  the  first  biochemical  
 
 
 
 
method to characterize and diagnose nematode species. 
The principle is based on the fact that differences in net 
charge, size, or conformation of proteins (isoelectric 
focusing) are due to differences in the number and 
composition of amino acids. These differences may be 
characteristic for a taxonomic group. However, there is no 
confirmation that proteins with similar electrophoretic 
patterns do indeed have similar amino acid sequences, 
i.e. similar patterns may not actually reflect identity on the 
genetic level.  
 
 
Restriction fragment length polymorphism (RFLP)  
 
RFLP is a technique in which species or populations are 
differentiated by the patterns of enzyme cleavage of their 
DNA. If two organisms differ in the distance between sites 
of cleavage of a particular restriction endonuclease, the 
length of the fragments produced will differ when the DNA 
is digested with a restriction enzyme. The similarities or 
differences in the band patterns generated are used to 
differentiate species (and even strains) from one another 
(Oliveira et al., 2006; Barsi and De Luca, 2008; Troccoli 
et al., 2008). 
 
 
Amplified fragment length polymorphism (AFLP) 
 
AFLP is a DNA fingerprinting technique, which detects 
DNA restriction fragments by means of PCR amplifi-
cation. Similar to RFLP, this method requires the use of a 
restriction enzyme. The DNA is digested with two 
restriction enzymes, one that cuts frequently and one that 
cuts less frequently. However, unlike RFLP it involves a 
selective PCR amplification of the target fragments. The 
actual number of amplified fragments will be smaller than 
the number of total fragments digested during the 
restriction step. Gel electrophoresis analysis reveals a 
unique pattern (fingerprint) of fragments. 
 
 
Random amplified polymorphic DNA (RAPD)  
 
RAPD is employed to sequence an unknown DNA 
segment by using primers of random sequences. Similar 
to AFLP, this method is PCR-based, but it does not 
involve a restriction step. RAPD amplifies segments of 
DNA that are essentially unknown to the researcher. It 
has been used to assess genetic variation among iso-
lates of the same species (Dong et al., 2001; Cofcewicz 
et al., 2005; Vieira et al., 2007; Devran et al., 2009) and 
between species (Cofcewicz et al., 2005). Bandi et al. 
(1995) compared patterns generated using RAPD with 
those of allozymes. They found that both methods basi-
cally revealed the polyspecific structure of the genus 
Trichinella although the RAPD method was potentially 
useful for detecting cryptic species. They also demonstrated  
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Table 1. Advantages, limitations, and applications of molecular methods in nematode identifications. 
 
Method Use Limitations Application example 
Allozymes - First biochemical method 
in nematode taxonomy 
- Provides comparable 
data between geographical 
isolates 
- Lack of confirmed genetic 
basis 
- Cannot be used for single 
nematode studies 
- Life Stage specific 
- Lacks data on specific 
characters 
- Requires non-denatured 
proteins  
- Nematode genera identified using this 
method includes: Meloidogyne, 
Heterodera, Pratylenchus, Ditylenchus 
and Aphelenchus. (Esbenshade & 
Triantaphyllou 1990; Navas et al., 2001). 
 
Restriction 
fragment length 
polymorphism 
(RFLP) 
- Suited to differentiate 
between closely related 
taxa based on presence/ 
absence of restriction 
fragment bands 
 
- Lacks homology of 
characters  
- Requires large amounts of 
PCR products to use for 
different restriction enzymes. 
 
 
-Detection of species or populations 
within species (Curran et al. 1985, 1986; 
Powers et al. 1986; Castagnone-Sereno 
et al. 1991, 1993; Garate et al. 1991; 
Cenis et al. 1992; Piotte et al. . 1992; 
Xue et al. 1992; Fargette et al. 1996). 
Amplified fragment 
length 
polymorphism 
(AFLP) 
 
- Suited to assess variation 
among individuals of the 
same species 
- Lengthy procedure - Detection of species in Heterodera 
avenae group (Subbotin et al., 1999), 
molecular characterization of 
Pratylenchus species (Waeyenberge et 
al. 2000) and the study of intraspecific 
variation in Radopholus similes (Elbadri 
et al., 2002). 
Random amplified 
polymorphic DNA 
(RAPD) 
- Unlike AFLP this method 
doesn’t require a restriction 
step 
- Simple and rapid 
- Not suitable to all 
organisms and lacks 
reproducibility 
- Sensitive to variations in 
primer and DNA 
concentration 
- Detection of Globodera rostochiensis, 
G. pallida, Meloidogyne incognita, M. 
javanica, and M. arenaria. (Fullaondo et 
al., 1999; Zijlstra et al. 2000) 
 
Real-time PCR - Qualitative and 
quantitative detection of 
species 
- Rapid and precise 
- Requires species-specific 
primers  
- Multiple species detection 
requires lengthy optimization 
- Detection of potato cyst nematode (G. 
pallida) and beet cyst nematode 
(Heterodera schachtii), quantification of 
Meloidogyne spp. from tomatoes, 
Pratylenchus thornei and Pratylenchus 
neglectus, detection of Bursaphelenchus 
xylophilus (Madani et al., 2005, Stirling et 
al., 2004, Hollaway et al., 2004). 
 
 
 
that not all random primers provided similar results in 
RAPD analysis. 
 
  
Denaturing gradient gel electrophoresis (DGGE) 
 
DGGE is a molecular fingerprinting method that sepa-
rates polymerase chain reaction (PCR)-generated DNA 
products. The principle is that DNA fragments of the 
same length but with different sequences can be sepa-
rated. Separation is based on the decreased electro-
phoretic mobility of a partially melted double stranded 
DNA molecule in polyacrylamide gels containing a linear 
gradient of DNA denaturants (a mixture of urea and 
formamide) or a linear temperature gradient. Sequence 
variation within such domains causes the melting 
temperatures to differ, and molecules with different 
sequences will stop migrating at different positions in the 
gel (Muyzer et al., 1998). DGGE has been shown to 
underestimate nematode biodiversity (Foucher et al., 
2004; Cook et al., 2005). But, even with this limitation, it 
can be useful to evaluate patterns of nematode diversity 
over time (Wang et al., 2008). 
 
  
Multiplex PCR for the identification of multiple 
species in a single reaction  
 
Detection methods based on single PCR offer a practical 
alternative to the traditional methods, but each amplifi-
cation reaction can detect only a single species in a given 
time. Plant-parasitic nematode  species  found  in  natural  
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Table 1. Continued. 
 
Method Use Limitations Application example 
Multiplex PCR  
 
- Detects more than one  
species at a time 
- Cost effective 
- Rapid 
- Involves optimization of 
reagent concentrations, 
variation in primer annealing 
temperatures, primer 
interactions, and 
amplification of non-specific 
products  
- Requires species-specific 
primers 
- Identification of Globodera pallida and 
G. rostochiensis (Fullaondo et al., 
1999), Pratylenchus penetrans and P. 
scribneri (Setterquist et al., 1996), 
Meloidogyne chitwoodi and M. fallax 
(Petersen et al., 1997), and P. coffeae 
and P. loosi (Uehara et al., 1998). 
DNA sequencing 
  
- Preferred from the above 
mentioned methods as 
factors that affect patterns in 
these methods (e.g. 
variation in primer and DNA 
concentration, DNA template 
quality, gel electrophoresis, 
and the type of DNA 
polymerase) can be 
controlled and the 
sequencing step can be 
optimized.  
- Fast and accurate 
- Difficult in finding an ideal 
gene for taxonomic 
identification as well as 
phylogenetic inference , that 
works in all nematode 
groups  
- Choice of marker is still an 
open issue 
Widely used in recent years; in various 
groups including family Hoplolaimidae, 
(Subbotin et al., 2007), order Tylenchida 
(Subbotin et al., 2006), suborder 
Criconematina (Subbotin et al., 2005), 
suborder Cephalobina (Nadler et al.,  
2006) , Pratylenchus (Al-Banna et al., 
1997), Acrobeloides (De Ley et al.,  
1999), Steinernema (Stock et al.,  
2001), Meloidogyne (Castillo et al., 
2003), Longidorus (Rubtsova et al., 
2001; Mekete et al., 2009). 
Denaturing gradient 
gel electrophoresis 
(DGGE) 
 
- Easy and straightforward 
approach for nematode 
community analysis 
- Used to differentiate 
multiple species in a sample  
- DNA extraction for DGGE 
problematic 
- Not useful for 
quantification of species 
richness in marine 
communities (Cook et al., 
2005)  
– Community analysis in different 
ecosystems (Foucher et al., 2004; 
Griffiths et al., 2006; Shi-Bin et al., 
2008; Waite et al. 2003; Foucher et al., 
2004) 
 
 
 
conditions are rarely, if ever, encountered singly. A more 
practical approach is the identification of multiple species 
in a single PCR reaction. Procedures that allow simul-
taneous detection and/or identification of different plant-
parasitic nematodes have paramount importance because 
they require less time and cost. Multiplex PCR is a 
variant of PCR that enables simultaneous amplification of 
many target regions in one reaction by using more than 
one pair of primers. Since its first description in 1988 by 
Chamberlain et al., (1988), this method has been applied 
in many areas of DNA testing, including species 
identification, analyses of deletions, mutations, polymor-
phism, quantitative assays, and reverse transcription 
PCR (Elnifro et al., 2000; Subbotin and Moens, 2006). 
 
 
DNA sequencing  
 
Amplification and sequencing of diagnostic regions of 
nematode DNA have become the major source of new 
information for advancing our understanding of evolu-
tionary and genetic relationships (Hajibabaei et al., 2007; 
Meldal et al., 2007). This has been possible for several 
years and has resulted in public DNA sequence 
databases that are available for BLAST-match searching 
(Porazinska et al., 2009). However, finding an ideal gene 
for each of the different purposes, taxonomic identi-
fication as well as phylogenetic inference and that work in 
all nematode groups and at all traditional taxonomic 
levels may be similarly difficult. Furthermore, the choice 
of a DNA locus that provides a species-specific desig-
nation is still an open issue (Porazinska et al., 2009).  
Diagnostic markers that are located at the ITS-rDNA, 
D2-D3 expansion segment of 28S rRNA, 18S rRNA, and 
heat shock protein 90 (hsp90) have proven to be useful 
for identification and molecular phylogenetic analysis of 
several groups of nematodes. These genes are multi-
copy, which makes them relatively easy to amplify. These 
regions have different modes and functions in evolution 
and are suited for use differentiating phylogenetically 
across the phylum and closely related populations and 
taxa (Al-Banna et al., 1997; Blaxter et al., 1998; 
Courtright et al., 2002; De Ley and Bert, 2002; Floyd et 
al., 2002).  
Currently, the D2 and D3 expansion segments of the 
28S rRNA and the partial 18S rRNA are being used 
extensively as the standard molecular marker for most 
plant-parasitic nematodes. These regions are highly 
effective in identifying different plant-parasitic groups 
because of the availability of  several  conserved  primers  
 
 
 
 
that amplify DNA from many taxa and because of the 
presence of phylogenetically informative sites (Blaxter et 
al., 1998; Subbotin et al., 2007). Sequence comparison of 
these genes from unknown species with those published 
in GenBank facilitates fast identification of most species 
of plant-parasitic nematodes (Ferris et al., 1999; Thiery 
and Mugniery, 1996; Orui 1997; Szalanski et al.,1997; 
Subbotin et al., 1999, 2000, 2001; Eroshenko et al., 
2001; He et al., 2005).  
With regard to free living nematodes, DNA sequencing 
has been used for rapid and accurate taxonomic identi-
fication and understanding population genetic structure in 
marine nematodes (De Ley et al., 2005; Derycke et al., 
2007, 2008; Bhadury et al., 2006). Bhadury et al. (2006) 
studied nuclear and mitochondrial genomic regions and 
evaluated their potential use for marine nematode 
identification. Their results showed that 18S ribosomal 
RNA gene amplified most reliably from a range of taxa 
and can be useful for rapid molecular assignment of 
unknown nematode species. As is true for all taxa, this is 
practical only in cases where most members are 
sequenced and data is openly accessible for comparison. 
Groups with few sequenced members still pose a 
challenge to identification of hitherto unknown taxa. In a 
recent study Bhadury et al. (2008) studied the distribution 
of a single species Terschellingia longicaudata from a 
range of localities and habitats and reported that DNA 
sequences revealed the presence of cryptic species 
which based on morphology and morphometry were 
identified as conspecific. Consequently, in some marine 
groups, traditional morphological methods may under-
estimate biodiversity compared to DNA sequence data 
due to limited ability to detect species complexes.  
Derycke et al. (2008), using DNA sequences, also 
revealed the insufficiency of morphology to detect marine 
nematode taxa; these authors revealed 10 sympatrically 
distributed cryptic species in the marine genus Rhabditis 
(Pellioditis). Derycke et al. (2007) studied the population 
genetic structure of populations identified morphologically 
as belonging to Geomonhystera disjuncta using two 
molecular markers (COI and ITS) and reported the 
presence of five cryptic taxa. These studies confirmed a 
wide and global distribution of some nematode species 
but also showed the possibility of a higher diversity being 
masked by inadequate species delimitation methods 
employed.  
Bhadury et al. (2008), in agreement with Derycke et al. 
(2007), emphasized the need to use multiple markers for 
a better understanding of biodiversity in marine nema-
todes. Although morphology, as a method of delimiting 
taxa, is reported to be insufficient, often, what is over-
looked is the researchers’ level of taxonomic expertise. 
Taxonomic expertise and experience is difficult to 
measure but does vary widely. A researcher’s inability to 
delimit a species morphologically is, therefore, not 
necessarily because morphology is inadequate as a 
method. Instead, in some instances, the taxonomist’s lack  
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of experience could be a determining factor.  A recent 
study that addressed all these issues and can serve as 
an example of integration of methods in taxonomy was 
that of Sudhaus and Kiontke (2007). They studied the 
genus Caenorhabditis extensively and proposed the 
nominal species Caenorhabditis brenneri primarily based 
on “cross-breeding experiments, biogeography and DNA 
sequences”. 
 
 
Pyrosequencing of metagenomic samples in 
nematode biodiversity studies 
 
Recently, pyrosequencing has emerged as a new se-
quencing technology (Creer et al., 2010). This technique 
is a widely applicable alternative technology for the 
detailed characterization of nucleic acids. Fundamentally 
different from DNA sequencing, pyrosequencing occurs 
by a DNA polymerase driven generation of inorganic 
pyrophosphate, with the formation of ATP, and the ATP-
dependent conversion of luciferin to oxyluciferin. The 
generation of oxyluciferin causes the emission of light 
pulses, and the amplitude of each signal is directly related 
to the presence of one or more nucleotides. It is a non-
electrophoretic real-time DNA sequencing method in 
which enzymatic reactions yield detectable light, propor-
tional to the number of the incorporated nucleotides 
(Diggle and Clarke, 2004; Edwards et al., 2006). 
One of the most important applications of this 
technology is the ability to identify large numbers of 
species from complex communities and recently it has 
been widely used to generate the genome sequences of 
complex environmental samples (Edwards et al., 2006; 
Joseph et al., 2009). Roesch et al. (2007) employed the 
method to investigate soil microbial diversity, and others 
have used it to study plant pathogenic fungal commu-
nities (Das et al., 2008; Buée et al., 2009). In nematology, 
it has been tested and has shown encouraging results for 
the analysis of nematode diversity from metagenomic 
samples (Creer et al., 2010). Porazinska et al. (2009) 
reported the use of high-throughput sequencing for 
metagenomic analysis of nematode diversity using coding 
sections of the small and large subunit of rRNA genes. 
The experiment was done in artificial metagenomic 
samples involving diverse reference nematodes in known 
abundances. The use of both SSU and LSU loci 
improved the detection at the species level from ~90% 
when either locus was used to 95% when both loci were 
used indicating that the use of multiple loci is a key factor 
in generating a more complete community profile. 
However, apart from presence/absence detection of taxa 
in the community, pyrosequencing of environmental sam-
ples failed to provide a complete picture of community 
structure; it failed to discriminate proportional abundance 
of each taxon in the artificial community (Porazinska et 
al., 2009). Nevertheless, the fact that a basic nematode 
community profile can be generated using this  method is  
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by itself a significant leap from our current single nema-
tode sequencing efforts and an important step towards 
the future, broad use of environmental DNA data to the 
study of nematode community structure. 
 
 
Sequence databases 
 
Our ability to infer relationships at all levels-among major 
groups, groups of closely related species, or geogra-
phically isolated populations of the same species-
undoubtedly, provides an independent framework on 
which we can compare data from other studies such as 
morphological, morphometrical, embryological, and bio-
logical studies. 
DNA sequencing and maintaining sequence databases 
are important activities for discovery of novel genetic 
properties, exploring phylogenetic affiliations, and in 
developing more specific primers and gene probes to 
address particular taxonomic questions. Gene sequen-
ces, once obtained, are to a large extent submitted to and 
maintained within various databases such as GenBank, 
the European Molecular Biology Laboratory (EMBL-
Bank), the DNA Database of Japan (DDBJ), the 
NEMBASE, and the WORMBASE. These databases 
contain notably high-volume data sets from over 160,000 
organisms, including bacteria, fungi, protozoa, 
nematodes and other fauna (http://www.ncbi.nlm.nih.gov/ 
guide/taxonomy/). Comprehensive data on DNA 
sequences, morphology, taxonomy, phylogeny, ecology, 
accessible literature etc. would serve as crucial platform 
for training and research. The primary focus of DNA-
based databases has hitherto been on plant parasitic 
and/or easily cultured nematodes (De Ley et al., 2005). 
Recent establishment of databases focused on general 
nematode morphology and taxonomic literature will 
strengthen research on free living forms: Nematol 
(http://nematol.unh.edu/index.php) that includes images, 
phylogenetic trees and sequences, and Nemys 
(http://nemys.ugent.be/) that hosts a rich collection of 
hard-to-find literature on taxonomy of nematodes. 
 
 
CONCLUSION 
 
Judging from current trends, nematode taxonomy in the 
future will inevitably become increasingly molecular. The 
practicality of molecular methods will work to the 
advantage of nematology, as the use of these methods 
will encourage the inclusion of this diverse animal group 
in biodiversity and environmental studies. Such an 
inclusion would be an important step towards a better 
understanding of the biology and ecology of nematodes. 
Therefore, molecular methods will help us realize our 
goals, i.e. to inventory and understand the biological 
diversity and ecological role of nematodes. Nonetheless, 
despite some difficulty associated with the use of 
morphology   in   the   taxonomy   of    some    groups   of 
 
 
 
 
nematodes, the extensive amount of information accrued 
on various aspects of nematode biology is currently 
linked with morphology. Consequently, this makes the 
integration of morphology in taxonomic studies still 
relevant and essential. 
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